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Conoco Norway Inc. commissioned the Institut für Baustoffe, Massivbau und 
Brandschutz under service order No TLP-278 dated 10-02-1991 to perform tests on 
the high temperature behaviour of high-strength light weight aggregate concrete 
(HS-LWA-Concrete). 
The aim of the study outlined in the following was to gather reliable strength 
data of high-strength LWA concrete at temperatures which may occur during a fire 
accident. 
The experiments became necessary because, up to now, high temperature data are 
only available for ordinary-strength LWA concrete [1, 2]. On the other hand, 
experiments with high-strength normal density concrete have shown that such 
(ordinary strength concrete) data cannot be simply extended (e. g., by 1 inear 
extrapolation) to high-strength concrete. Due to its special composition and 
mi crostructure high-strength concrete exhi bits high temperature phenomena not 
seen with ordinary strength concrete [3]. 
It was intended to study the high temperature strength of HS-LWA-concrete by 
testing cylindrical specimens (0 80 mm, length z 300 mm) at 5 different 
temperatures, using 2 to 3 specimens at each test temperature. According to 
RILEM-recommendations [4], cylindrical specimens (minimum 0 80 mm) should be 
heated without load to the desired maximum temperature (heating rate ca. 
2 K/mi n), mai nta i ned at constant temperatures for 2 hours to ensure un i form 
temperature distribution through the specimens cross sections, and then tested 
at high temperatures by strain-controlled a-f-tests. Also some pilot tests 
concerning residual strength and deformation properties were planned to be 
conducted. 
The tests had to be carried out according to the test program suggested by the 
Institut für Baustoffe, Massivbau und Brandschutz and amended by Conoco Norway 
Inc. (see Proposal "Tests Concerning Strengths of High-Strenth LWA-Concrete at 
High Temperatures" , 188/Di/Me dated from 08-22-1991, version revised by Conoco 
Norway Inc. dated 10-02-1991). 
2. Experimental programm 
2.1 Reference tests 
Besides reference tests performed elsewhere with cubes (100 x 100 x 100 mm3) of 
the same batches as the cyl inders at IBMB, 2 to 3 cyl indrical specimens {0 
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80 mm, 1 = 300 mm) were tested to obtain 20 °C-referenee data, too (see test 
matrix given in table 1). After determination of the modulus of elastieity, the 
a-f.-l ines and the strength, resp., the residual of the eyl indrieal speeimens 
were dri ed . at 105°C to determi ne the amount of evaporabl e water in eaeh 
speeimen, whieh may be of interest with respeet to spalling phenomena, speeifie 
loss of strength at 100 ... 200 °C ete. 
Table 1: Number of speeimens investigated at ambient temperature (referenee 
tests). 
Speeimens #, Speeimens #, 
Contraetor 1 Contraetor 2 
3 (+ 2) 2 (+ 2) 
The number of tests shown in braekets have been earri ed out in addition to 
ordered tests. 
2.2 a-f.-tests at high temperatures 
The proposed steady state a-f.-tests are shown in table 2. The number of tests 
shown in braekets have been eondueted in addition to the ordered tests. 
Table 2: Number of speeimens investigated at elevated temperatures (a-f.-tests) 
temperature Speeimens #, Speeimens #, 
1 evel Contraetor 1 Contraetor 2 
100 °C 3 -
250 °C 2 (+ 1) 2 
450 °C 2 2 
600 °C 2 3 
The testing proeedure was as follows: 
• Installation of speeimens, 3 times loading and unloading of the speeimens 
(to measure the modulus of elastieity) at ambient temperature. 
• Heat i ng of the speeimens without load to the desi red test temperature 
(heating rate 2 K/min). 
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• After reaching the test temperature, the specimens were maintained at 
constant temperature for 2 hours, to eliminate internal thermal gradients. 
• Strain-rate-controlled a-€-tests were then performed at the specified 
temperature. 
The deformation and load of the specimens had to be measured during all phases 
of the test (incl. heating phase). 
2.3 Residual a-€-tests 
Residual a-€-tests were also conducted on specimens to obtain information 
concerni ng the behavi our of the mater i al after fi re exposure, whi ch i s of 
interest with respect to assessments of residual bearing capacity, repairability 
studies etc. 
In general, for these tests one specimen of contractor 1 and contractor 2 were 
tested at each test temperature as shown in table 3. Additionally, 2 specimens 
of contractor 2 heated to 250 ° C were tested to obta in i nformat ion concern i ng 
scattering of the strength and elastic modulus data. At the end, one extra test 
(put in brackets in table 3) was conducted. 
Table 3: Number of specimens tested after heating to the given temperatures and 
cooling to ambient temperature (residual a-€-tests) 
temperature Specimens #, Specimens #, 
1 evel Contractor 1 Contractor 2 
100 °C 1 1 
150 °C 1 1 
200 °C 1 1 
250 oe 1 3 (+ 1) 
350 oe 1 1 
The testing procedure include the following steps: 
• After installation, specimens were loaded and unloaded 3 times to measure 
the modulus of elasticity at ambient temperature. 
• Specimens where then heated without load to the desired test temperature 
(heating rate 2 K/min). 
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• After reaching the specified temperature, specimens were maintained at 
constant temperature for 2 hours to eliminate internal thermal gradients. 
Subsequently they were cooled to ambient temperature (cooling rate ~ 
2 Kjmin) . 
• Strain-rate-controlled a-f-tests were then performed at ambient 
temperature. 
The deformation and load of the specimens had to be measured during all phases 
of the test (incl. heating and cooling). 
3. lesting and results 
On October 1, 1991, the Institut für Baustoffe, Massivbau und Brandschutz 
received 20 cylindrical specimens from the contractor 1. The specimens were 
dri11ed out of a big concrete slab, and had a diameter of about 84 mm and a 
length of about 400 mm. The specimens were continuously marked HP 1 to HP 20 and 
cut to a 1 ength of 300 mm by a water cool ed di amond saw. Afterwards the two 
loading surfaces of the specimens were ground plane and parallel to each other. 
The high temperature testing machine was equipped with loading plates for 
testing specimens with a diameter of 80 mm. Because of the bigger diameter of 
the specimens and for a easier installation of specimens, at first one of the 
loading surfaces of the specimens were bevelled with an angle below 45°. After 
running several tests, a decrease of the compressive strength due to this 
beye 11 i ng was observed. Therfore, for the further tests bi gger load i ng p 1 ates 
and specimens without bevelled head faces were used to avoid the need to bevel 
the head faces of the specimens. 
On October 10, 1991, 21 cylindrical specimens were received from the contractor 
2 and marked HP 2-1 up to HP 2-21. These specimens had a di ameter of about 
79.4 mm and length of about 400 mm. They were prepared in the same way as the 
specimens from contractor 1. 
3.1 Testing 
The tests were carri ed out accord i ng to the test i ng procedure descri bed in 
Chapter 2. 
3.2 Reference tests 
Before performing the compressive tests the weight and dimensions of each 
specimen were measured to determi ne the bul k density. These measurements are 
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compil ed in tabl es 4 and 5 for the specimens of contractor 1 and 2, resp. (for 
further details see testing records given in the appendix Al and A2). 
After determing the bulk density, the specimens were tested to determine their 
modulus of elasticity and compressive strength. Tables 4 and 5 show the obtained 
resul ts. With specimen nr. HP 2-1 and HP 2-2 the Young' s modul us was measured 
according to the German Standard DIN 1048. The respective testing records can be 
found in the appendix parts A3 up to A6. Young's modulus has been here defined 
as the secant modulus of the tenth loading. 
For estimating the effect of the varying stiffness of the different testing 
machines used in these tests on the measured compressive strength data, tests 
with the 400 kN high temperature testing machine (see fig. 1) were performed at 
20 oe in addition to the described tests with a 2000 kN testing machine in hall 
1 of the institute (see fig. 2). The respective results of these tests are also 
shown in table 4 and 5 (for details see appendix A7 and A8). 
The results show that there is no significant influence of the testing devices 
on the measured Young's modulus. However, the strength data do show some 
variation with respect to the testing machine used. The strength values obtained 
with the 400 kN testing machine are about 8 % lower for the specimens in series 
HP and about 2.5 % lower for the specimens series HP 2 than the strength values 
obtained with the 2000 kN testing machine, which has a considerable higher 
stiffness than the 400 kN high temperature testing machine. 
Summarizing the results, it can be stated that the specimens of contractor 1 and 
contractor 2 have nearly the same bul k dens i ty and show the same behavi our 
regarding elasticity and compressive strength. With respect to strength it 
should be kept in mind that the specimens of the contractor 1 (diameter of about 
84 mm) are less slender than the specimens of the contractor 2 (diameter of 
about 80 mm). 
3.3 Moisture content of the specimens 
The moisture content of the specimens was determined by drying (at 105 Oe) 
pieces of the specimens HPI, HP2, HP2-1 and HP2-2 which were crushed during the 
compression strength tests. Moisture content data are given in appendix Al and 
A2. The mean moi sture content of the speci mens of contractor 1 was 8.76 % 
related to the dry weight of the specimens; specimens of contractor 2 contained 
8.88 % moisture. 
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Table 4: Test results of the 20 °C-reference tests with cylindrical specimens 
(0 84 mm, 1 = 300 mm) of Contractor 1. 
specimen densi~y, moisture compressive E-mod~lus, remarks 
nr. kg/dm cont., % strength, N/mm2 kN/mm 
HP-l 1,937 8,80 62,4 - tested at 
Hall I, 
HP-2 1,932 8,72 65,8 - 2000-kN 
testing 
x 1,935 8,76 64,1 - machine 
HP-3*) 
- 44,1 *) 23,8*) tested at 
the high 
HP-4 - - 57,9 23,9 tempo 
testing 
machine 





*} Specimens with bevelled head faces. 
Table 5: Results of the 20 °C-reference tests 
(0 80 mm, 1 = 300 mm) of Contractor 2 
with cylindrical specimens 
specimen densi~y, moisture compressive E-mod~lus, remarks 
nr. kg/dm cont., % strength, N/mm2 kN/mm 
HP2-1 1,915 8,62 61,0 23,3 tested at 
in 
Hall I, 
HP2-2 1,938 9,13 63,4 24,0 2000 kN-
testing 
x 1,927 8,88 62,2 23,6 machine 
HP2-8 - 63,1 25,5 tested at 
the high 





3.4 High temperature behaviour 
3.4.1 Strength and elasticity at high temperatures 
The results from individual U-f-tests are shown in appendix A9 to A18. A 
compilation of the U-f-curves obtained at various test temperatures is given in 
figures 3 and 4. The diagrams indicate that the strain-controlled tests were 
terminated after achieving the maximum load to avoid the damage of the 
dilatometer systems from explosive failure of the specimens. The achieved 
maximum stress val ues have been used to define the strength of the tested 
specimens. 
The u-f-diagrams show at temperatures up to 250°C nearly no significant 
incl ination of the U-f-curves until the unset of failure of the specimens. 
Failure of the specimens occured almost without warning, like an explosion, 
accompanied with a loud bang. At higher temperatures, from about 450°C onwards, 
the U-f-curves indicate some inelastic deformation prior to failure. 
Wi th regard to the fa i 1 ure behavi our, two modes of fa i 1 ure have been observed 
(see fig. 5 ... 12): up to 250°C surfaces of fracture were rat her smooth and also 
went always through the aggregates. At 450°C and 600°C the surfaces of fracture 
where mainly located in the matrix and in the interfacial zone between matrix 
and coarse aggregates. They surrounded more or less the aggregates. This 
behaviour indicates a significant loss of the matrix strength and the bond 
between matrix and lightweight aggregates when temperature is exceeding 250°C. 
Up to 150°C the organic fibres remained unchanged in the concrete with respect 
to their shape, dimension and mechanical strength. With specimens which were 
heated up to 200°C or more the fibres were molten. 
The obtained strengths and the Young's modulus values are compiled in table 6 
and 7. In figure 13 and 14 the respective diagrams are indicated. It can be seen 
that the strength of the specimen decreases by about 20 % at 100°C compared to 
the initial strength. At about 250°C there appears to be a slight recovering of 
the strength. Above 250°C, with the further increase of temperature, the 
strength monotonically decreases. 
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Table 6: Results of the high temperature investigations with cylindrical speci-
mens (~ 84 mm, 1 = 300 mm) of Contractor 1 
specimen test compressive ':l 
nr. temperature strength, N/mm~ 
HP-7 100 °C 47,3 
HP-13 100 °C 49,8 
HP-14 100 °C 47,8 
HP-5+) 250 °C 45,9 
HP-8 250 °C 56,8 
HP-12 250 °C 57,9 
HP-6+) 450 °C 36,2 
HP-9 450 °C 37,2 
HP-IO 600 °C 24,5 
HP-ll 600 °C 24,6 
HP-15 100°C, 62,7 
res. *) 
HP-16 150°C, 61,1 
res. 
HP-17 200°C, 61,5 
res. 
HP-19 250°C, 55,8 
res. 
HP-18 350°C, 44,4 
res. 
+) Specimens with bevelled head faces 
*) Residual tests 
E-mod~lus, remarks 
kN/mm 
20,9 tested at the high 
tempo testing 
machine, 





















Table 7: Results of the high temperature investigations with cylindrical speci-
mens (0 80 mm, 1 = 300 mm) of contractor 2 
specimen test compressive ':l E-mod~lus remarks 
nr. temperature strength, Nimm' kN/mm 
HP2-10 250 °c 58,6 17,2 tested at the 
high temperature 
testing machine 
HP2-11 250 °c 54,2 16,6 400 kN-testing 
machine 
HP2-12 450 °c 33,0 12,5 
HP2-13 450 °c 31,6 12,1 
HP2-14 600 °c 20,3 8,3 
HP2-15 600 °c 20,8 9,2 
HP2-16 600 °c 20,1 7,9 
HP2-3 100 °c, 61,1 20,6 tested at Hall I, 
res. 2000 kN-testing 
machine 
HP2-4 150 °c, 60,8 19,0 
res. 
HP2-5 200 °c, 57,9 18,0 It 
res. 
HP2-6 250 °c, 49,2 14,1 tested at the high 
res. temperature testing 
machine 
HP2-17 250 °C, 51,4 14,2 It 
res. 
HP2-7 350 °c, 42,0 12,2 It 
res. 
HP2-18 250 °C 44,9 12,0 tested at Hall I , 
res. 2000 kN-testing 
machine 
HP2-19 250 °C 43,5 12,3 
res. 
Furthermore the tab 1 es and fi gures show that Young' s modul us al so decreases 
about 20 % at 100°C. Unlike the strength however, Young's modulus decreases 




3.4.2 Residual strength and elasticity properties 
The results of the individual tests are compiled in the appendix parts A19 to 
A39. Compilations of these results are given in table 6 and 7 and figures 15 to 
18, resp. 
Two different procedures were used for testing the residual strength of the 
specimens. In the first method, specimens were installed into the high 
temperature testing machine and heated with the constant heating rate of 2 K/min 
to the desired maximum temperature. After reaching it the temperature level was 
held constant for two hours to achieve thermal equilibrium within the specimens. 
Then the specimens were cooled to room temperature (cooling rate< 2 K/min) and 
tested. Before running the U-f-tests, the specimens were loaded and unloaded 
three times to determine Young's modulus. 
In the second method the specimens were treated with the same temperature regime 
used in the method described above. The testing, however, was carried out with 
the 2000 kN-testing machine in hall 1 of the institute. For determining the 
Young's modulus the specimens were loaded and unloaded ten times, where the 
maximum stress load was chosen one third of the expected ultimate stress (see 
appendix A21 and A25). 
The obtained U-f-curves show, that after the first loading-unloading-cycle a 
residual shortening which strongly increases with the increase of the maximum 
temperature. - The specimen HP17, for example, indicated a residual shortening 
of about 0.2 %0 after heating to 200°C. 
With appl ication of further loading cycles, a nonl inearity in the U-f-curve 
occured which also increased with increasing maximum temperatures. Due to this 
nonlinearity the Young's modulus at higher temperatures strongly depends on its 
definition. For example, if it is calculated as the tangent modulus, the Young's 
modulus cover a range of ± 100 % depending where the tangent is taken from U-f-
curve, at small stresses or at high stresses. Here, the Young's modulus was 
determined as the secant modulus at the tenth loading-unloading-cycle. 
The specimens tested in the cold state also showed scarcely any plastic 
deformat ions up to fa i 1 ure as long as the maxi mum temperature was lower than 
250°C (see appendix parts A22, A24 and A26). Also, up to 250°C the specimens 
failed suddenly without any warning. - In one of the tests the dilatometer of 
the high temperature testing device was damaged during such an explosive failure 
by concrete pieces. Thus, it had to be replaced by a new one. 
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At maximum temperatures above 350°C the failure of the specimens was indicated 
by a decreasing slope of the a-f-curve (see appendix part A34), and the 
specimens failed in a rather ductile way. 
The measured compressive strength and Young's modulus values compiled in tables 
6 and 7, respectively plotted in figs. 17 and 18. The data indicate contrarily 
to the strengths determined at elevated temperatures, that the residual strength 
decreases very little in the temperature range 100°C to 200°C. At higher 
temperatures (250°C to 350°C) there is hardly a difference between the 
strength val ues determi ned at el evated temperatures and the residual strength 
values. 
Furthermore, the results indicate that there is only a very small difference 
between the Young' s modul us of the specimens tested at high temperatures and 
that of specimens tested after cooling. 
3.4.3 Thermal expansion 
The thermal expans i on was determi ned on 1 y with spec i mens heated up to 600 ° C, 
because, for lower temperatures the risk of damaging the glass rods of the 
dilatometer system (necessary for determining the thermal expansion) during 
explosive failure of the specimens was too high. 
The results from these tests are compil ed in the appendix A40 up to A42. A 
comparison of the thermal expansion of the various specimens is made in Figs. 19 
and 20. As can be seen, in the temperature range up to 570°C the specimens 
indicate a nearly linear expansion. At about 570°C there is a slight step of the 
thermal expansion which is caused by the quartz inversion (a- ~ ß-quartz) of the 
quartzitic sand which the fine mortar contains. 
Often, at about 600°C a further increase of the thermal expansion can be 
observed. This increase is caused by the thermal homogenization of the 
specimens. Duri ng heat i ng the temperature of the specimen center i s somewhat 
below its surface temperature. During the hold time period the center 
temperature rises until it reaches the surface temperature, which is kept 
constant. Thus, the mean specimen temperature still rises and causes a further 
expansion although the measured temperature has reached its constant level. 
4. Summary 
Two series of 20 cyl indrical specimens, each made with high-strength 1 ight-
weight-aggregate concrete (HS-LWA concrete) by two different contractors, were 
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tested to determine the compressive strengths and the Young's modulus at high 
temperatures as well as after cooling to ambient temperature. 
The test results show that there i s hard1y any di fference in the mechani ca 1 
behaviour between the specimens made by the di fferent contractors. Thi s hol ds 
for the reference strength, the high temperature strength, and the residual 
strength data as we11. 
Specimens tested at a temperature of 100°C indicate a 10ss of strength of about 
20 % compared to unheated concrete. At 250 °C a strength recovery occurs and the 
loss of strength is significantly sma11er than at 100 °c. At higher 
temperatures the strength decreases monotonically to about 38 % of the 20 °C_ 
reference strength. 
The residual strength of specimens heated up to 100°C and tested after cooling 
at room temperature shows a significant1y lower loss of strength then the 
specimens tested at 100 °C. From 200°C onwards the strength decrease of the 
specimens tested at room temperature after heat exposure is simi1ar to that of 
specimens tested at elevated temperatures, and only small differences between 
the residual strength and high temperature strength occured. 
The modulus of elasticity indicated a monotonie decrease with increasing 
temperature. There were hardly any di fferences between specimens whi eh were 
tested at high temperatures and specimens which were tested in the cold state 
after heating. 
The thermal expansi on was determi ned up to 600°C. There were no di fferences 
among the tested specimens. In the temperature range up to 500°C the mean value 
of the coefficient of thermal expansion amounted 0.8 x 10-5 l/K. Above 570 °c, 
exceed i ng the quartz trans i ti on temperature, the thermal expans i on reaches a 
maximum va1ue of 6 %0. 
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Fig. 1: 400 kN-high temperature testing machine with installed specimen. 
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Fig. 4: a-€-relationships measured at high temperatures with HS-lWA-concrete 
specimens of contractor 2. 
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Fig. 5: Specimens after termination of the reference strength test. 
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Fig. 5: Tested specimen HP-I. Adjacent to the fractun?surface the organic fibres 
are visible. 
Fig. 7: Fracture surface of specimen HP-I. It can be seen, that the surface of 
fracture is rather plane and also crosses the aggregates. 
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Fig. 8: Specimen after termination of the residual strength test (max. tempo 
100°C). The organic fibres are visible on the fracture surfaces. 
Fig. 9: Specimen after termination of the residual strength test (max. tempo 
150°C). On the fracture surfaces the organic fibres are still visible. 
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Fig. 10: Specimen after termination of the residual test (max. tempo 250 Oe). 
The fracture surfaces surround more often the light weight aggregates. 
No fibres are visible anymore. 
Fig. 11: Specimen tested at 450 oe. The colour of the matrix and the aggregate 
turned a little bit brown due to oxidation of their iron compounds 
(comp. Figs. 8 to 10). 
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Fig. 12: Specimens tested at 600 ·e. The colour of h matrix nd h ag r gat 
turned orange due the increased oxidation of the iron compounds (comp. 
Figs. 8 to 11). 
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Fig. 20: Mean thermal expansion of HS-LWA-concrete specimens of contractor 2. 
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